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eived O
tober 25, 2002)In experiments performed at the GSI Fragment Separator and at theGANIL SISSI-LISE3 fa
ility the de
ay of 45Fe has been investigated. Im-plantation events of 45Fe ions, stopped in sili
on teles
opes, were 
orrelatedwith radioa
tive de
ay events. The de
ay energy spe
tra exhibit a peak ofan average energy of (1:14 � 0:05) MeV. This observation, together withthe non-observation of 
oin
ident 
 or � events, represent 
lear eviden
e forthe two-proton ground state de
ay of 45Fe. The average half-life of 45Fe,dedu
ed from both experiments, is T1=2 = 3:8+2:0�0:8 ms.PACS numbers: 21.10.Tg, 23.50.+z, 29.30.Ep� Presented at the XXXVII Zakopane S
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lear Physi
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2364 M. Pfützner et al.1. Introdu
tionThe emission of two protons from an ex
ited nu
lear state is known ex-perimentally sin
e 1983 when su
h a de
ay mode was observed for statespopulated in the �-de
ay of 22Al and 26P [1, 2℄. Sin
e then, several otherbeta-delayed two-proton emitters has been investigated, see for exampleRef. [3℄. The de
ay me
hanism of all these 
ases was found to be 
onsis-tent with sequential one-proton emission through the intermediate nu
leus.Two proton emission was also established for ex
ited states populated viaresonan
e rea
tions. One su
h 
ase is the 2+ resonan
e in 14O at 7.77 MeVwhi
h was found to de
ay sequentially via states in 13N [4℄. Another in-teresting example, measured re
ently, is the 1� 6.15 MeV state in 18Ne [5℄.Although in this 
ase no ex
ited states in 17F through whi
h the sequentialemission 
ould pro
eed are known, the possibility of transitions via tails ofhigher lying broad resonan
es is not yet ex
luded.The emission of two protons from the ground state was observed in two
ases: 6Be [6℄ and 12O [7℄. In both of them, however, the initial state as wellas the ground state of the intermediate nu
leus are broad and the de
ay 
anpro
eed sequentially through the tail of the latter. These are examples ofthe so 
alled �demo
rati
� de
ay whi
h o

urs when the energy of the �rstproton is 
omparable with the width of the intermediate state.The 
ase of �pure� two-proton radioa
tivity, as de�ned by Goldansky al-ready in 1960 [8℄, may o

ur when the emission of one proton is energeti
allynot allowed whi
h requires that the energy di�eren
e between the groundstates of the initial and the 1p daughter nu
lei is larger than the sum oftheir widths. Su
h a pro
ess, predi
ted for medium-mass, even-Z, proton-ri
h nu
lei, where due to the Coulomb barrier the relevant states are narrow,was never observed to date despite 
onsiderable experimental e�orts. Shellmodel 
al
ulations [9, 10℄ and Coulomb-energy systemati
s [11℄ have identi-�ed a few 
andidates for this de
ay mode. One of them, 45Fe, was predi
tedto de
ay either by 2p emission with a Q-value of about 1 MeV or by ECde
ay with a QEC � 19 MeV.45Fe was observed for the �rst time by Blank et al. [12℄ at GSI Darmstadtby the in-�ight identi�
ation of fragmentation produ
ts of a 600 MeV/nu
leon58Ni beam. Sin
e then, attempts to study the de
ay mode of 45Fe were un-dertaken both at SIS-FRS fa
ility of GSI Darmstadt and SISSI-LISE3 systemof GANIL Caen [13, 14℄. Here we report brie�y on the latest experiments,performed at both laboratories, whi
h su

eeded in the observation of the45Fe de
ay and whi
h yielded the �rst eviden
e for 2p radioa
tivity of thisnu
leus. Detailed des
riptions of the experiments have been published inRefs [15, 16℄.



Dis
overy of the Two-Proton De
ay of 45Fe 23652. Experiment at GSIIn the GSI experiment proton-ri
h nu
lei were produ
ed by proje
tilefragmentation of a 650 MeV/nu
leon 58Ni beam impinging on a 4 g/
m2beryllium target. The average beam intensity was about 4 � 109 ions perspill of 2 s length and a repetition period of 7.6 s. Sele
ted rea
tion produ
tswere transmitted through the Fragment Separator (FRS) and identi�ed in-�ight by the standard �E-B�-TOF method. Energy loss (�E) informationwas provided by the four-fold ionization 
hamber MUSIC. Three plasti
s
intillators, mounted at the se
ond, third and �nal fo
al planes of the FRS,were used to measure horizontal position ne
essary for the magneti
 rigidity(B�) determination as well as for the time-of-�ight (TOF) measurement. Asa result, the atomi
 number Z and the mass-to-
harge ratio A=q 
ould bedetermined for ea
h ion transmitted to the �nal fo
al plane.After passing the identi�
ation dete
tors, the ions were slowed downin an aluminium degrader of variable thi
kness and implanted into a sta
kof 8 Si dete
tors, ea
h 300 �m thi
k and 60 mm in diameter. Sin
e therange straggling of the slowed-down iron isotopes in sili
on was about 600�m (FWHM), the total thi
kness of the Si teles
ope (2.4 mm) was suf-�
ient to stop all of them. The teles
ope was mounted inside a NaI(Tl)barrel 
omposed of six 30 
m long 
rystals. Its purpose was to dis
rimi-nate �+ de
ay events whi
h are a

ompanied by two 511 keV annihilationquanta. The implantation setup is shown s
hemati
ally in the left part of �g-ure 1. The whole dete
tion system was 
alibrated by implanting the known�-delayed (�p) proton emitters 49Fe and 50Co. In parti
ular it was foundthat the total e�
ien
y for dete
ting a 
 ray in the NaI barrel for a �p energyrange of 0.9�4 MeV was 93 %. The average energy resolution (FWHM) ofthe Si dete
tors was found to be about 250 keV for a 2 MeV proton energy.
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Fig. 1. S
hemati
 drawings of the implantation setups used in the GSI experiment(left) and in the GANIL experiment (right).Two prin
ipal di�
ulties of 
harged parti
le spe
tros
opy at the FRSare: (i) large energy (up to about 1 GeV) released in a Si dete
tor by a stop-



2366 M. Pfützner et al.ping ion, and (ii) relatively high intensity of 
ontaminant ions (about 200ions/s) entering the Si teles
ope during ea
h beam spill. To over
ome thesedi�
ulties a set of newly developed preampli�ers with a fast reset fun
tionwas used. The fast reset preampli�ers 
ould be swit
hed-o� by an externallogi
al signal for about 2 �s after the arrival of a heavy ion. Su
h signalwas generated ea
h time an ion was passing through the �rst Si dete
tor inthe teles
ope. As a result, already 2 �s after implantation the system wassensitive to low energy radioa
tive de
ay signals. Moreover, in parallel to astandard a
quisition system utilizing CAMAC ADC and TDC modules, ase
ond data a
quisition system based on the DGF-4C digital modules [17℄was used. All signals from the identi�
ation dete
tors and from the implan-tation setup were pro
essed by the DGF modules. The fun
tion of thesemodules 
onsisted of digitizing ea
h input signal with 40 MHz frequen
y,amplitude determination and time stamping by the on-board digital sig-nal pro
essor and subsequent storage in the output bu�er. This a
quisitionsystem was triggered only when an ion with a low A=q ratio entered the tele-s
ope. After the trigger, all in
oming signals were a

epted and pro
essedfor 10 ms. Subsequently, the DGF output bu�ers were read out and the datastored on magneti
 tape. In this way, information of all heavy ions, de
aysand 
-rays o

urring within 10 ms after the triggering ion was 
olle
ted pra
-ti
ally dead-time free. A more detailed dis
ussion of this dete
tion te
hniqueis given in Ref. [18℄.The measurement lasted about 6 days. In this time the DGF a
quisitionwas triggered about 2000 times whi
h 
orresponds to an average time ofabout 4 min. between registered events. The identi�
ation plot of thoseions whi
h triggered the a
quisition is shown in �gure 2 (left). Among themsix events of 45Fe are 
learly seen. The 10 ms history periods re
ordedafter ea
h of them were 
arefully examined. One 45Fe ion happened to bestopped in a Si dete
tor su�ering a temporary malfun
tion, so that no de
ayinformation was re
orded. The de
ays of the �ve other 45Fe ions, however,
ould be observed. For one of them the energy release of � 10 MeV wasfound a

ompanied by a 
-ray of about 900 keV. Su
h an event is 
onsistentwith the �+ de
ay of 45Fe followed by a delayed proton emission. In thefour other 
ases the implantation was followed by an energy release of about1 MeV in the same dete
tor. Su
h a pattern is expe
ted if 45Fe de
ays byemission of two protons. Importantly, in ea
h of these 
ases no other signalswere found in 
oin
iden
e and no 
ontaminant ion was stopped in the samedete
tor between 45Fe implantation and the de
ay event.The possibility that the observed de
ay events originate from ba
kground
an be tested by plotting the singles spe
trum of all de
ay-like events 
ol-le
ted by the Si teles
ope during the whole 45Fe measurement. Su
h a spe
-trum 
olle
ted under the additional requirement that no 
-ray was dete
ted



Dis
overy of the Two-Proton De
ay of 45Fe 2367in 
oin
iden
e is shown in �gure 2 (right). Above 700 keV there are 5 
ounts:four of them represent events observed in 
orrelation with 45Fe ions whilethe remaining one 
ould not be 
orrelated to any ion. We assign the latter
ount to the random ba
kground originating from long lived a
tivities a

u-mulated in the teles
ope during the run. It follows that the probability todete
t su
h a random event during the 10 ms observation period is of theorder of 10�3. This leads us to 
on
lude that the four events 
orrelated withthe implantation of 45Fe do represent the de
ay of this nu
leus.Finally, the average energy of the de
ay of 45Fe is found to be (1:1 �0:1) MeV while the analysis of the de
ay times yield a half-life estimate ofT1=2 = 3:4+3:4�1:1 ms.
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Fig. 2. Left: identi�
ation plot of ions whi
h entered the Si teles
ope and triggeredthe DGF a
quisition during the 45Fe measurement at GSI. Right: singles spe
trumof all de
ay-like events anti
oin
ident with the NaI dete
tors re
orded during thewhole run. 3. Experiment at GANILIn the GANIL experiment ions of interest were produ
ed by fragmen-tation of a 58Ni beam at 75 MeV/nu
leon impinging on a 240 �m naturalni
kel target mounted in the SISSI devi
e. The beam intensity varied be-tween 3 and 5 �A. Produ
ts were separated by means of the Alpha/LISE3spe
trometer.The dete
tion setup 
onsisted of two 
hannel-plate dete
tors for timingpurposes lo
ated at the �rst LISE fo
al point and the implantation teles
opemounted at the �nal fo
us 
omposed of 4 sili
on dete
tors surrounded byan array of Ge dete
tors in a 
lose geometry, see the right part of �gure 1.



2368 M. Pfützner et al.The �rst two Si dete
tors in the teles
ope, of 300 �m thi
kness, providedtiming and energy-loss information. The sele
ted ions were stopped in thethird Si dete
tor, also of 300 �m thi
kness, whi
h was a double-side sili
on-strip dete
tor with 16� 16 x� y strips and a pit
h of 3 mm. The fourth Sidete
tor was 6 mm thi
k and served as a veto dete
tor for heavy ions as wellas a 
ounter for � parti
les. Implantation events were triggered by the �rsttwo dete
tors in the teles
ope while radioa
tive de
ay events were triggeredby the third or fourth dete
tor. The sili
on teles
ope was 
alibrated witha triple � sour
e and with the known �p emitters 40Ti and 36Ca. It wasfound that the probability of dete
ting � parti
le in the fourth Si dete
torwhen the � de
ay o

urred in the implantation dete
tor was about 30 %.The total e�
ien
y of the Ge array was about 1.6 % at 1.3 MeV.

Fig. 3. Left: identi�
ation plot for ions stopped in the Si strip dete
tor during the45Fe measurement at GANIL. Right: de
ay energy spe
trum 
orrelated with the45Fe implantation. Only events o

urring up to 100 ms after implantation were
onsidered.During a 36 h measurement 22 ions of 45Fe were identi�ed (�gure 3).Sin
e the implantation rate was less then 1 ion/s in ea
h pixel of the stripdete
tor, 
orrelation of de
ay events with the ions in the millise
ond timerange 
ould be performed without di�
ulties. The right part of �gure 3shows the de
ay events 
orrelated with 45Fe ions up to 100 ms after theimplantation. A distin
t peak 
ontaining 12 
ounts at energy of (1:14�0:05)MeV is 
learly visible. No events in the peak were a

ompanied by either a� parti
le in the fourth dete
tor or by a 
 ray. These observations suggestthat the peak originates from the dire
t two-proton ground-state de
ay of45Fe. The de
ay time analysis yielded a half-life value of T1=2 = 4:7+3:4�1:4 ms.



Dis
overy of the Two-Proton De
ay of 45Fe 23694. Dis
ussionThe two experiments yield 
onsistent results for the de
ay energy and thehalf-life of 45Fe. The values obtained at GANIL are more pre
ise due to bet-ter energy resolution and due to better statisti
s. An important argumentin favor of 2p de
ay interpretation is the anti
oin
iden
e with 
-rays and�-parti
les observed in the GSI and GANIL experiments, respe
tively. De-spite the low statisti
s, this argument appears to be more signi�
ant in the
ase of the GSI data. The 
han
e to miss all 
-rays for the four GSI eventsis 2� 10�5 while the probability to miss all � parti
les in 12 GANIL eventsis 1:4 � 10�2. This re�e
ts the 
ru
ial role of the setup e�
ien
y whi
hwas equal to 93 % and 30 % for the 
 (GSI) and � (GANIL) dete
tion,respe
tively.The observed de
ay energy of 1.14 MeV agrees well with the Q2p val-ues predi
ted by Brown (1.15(9) MeV) [9℄ and Ormand (1.28(18) MeV) [10℄,who applied the isobari
 multiplet mass equation and the shell-model 
al
u-lations of the Coulomb energy shifts, as well as with the result given by Cole(1.22(5) MeV) [11℄ based on the Coulomb energy systemati
s.Figure 4 shows the results of various theoreti
al estimates of the partialhalf-life for the 2p de
ay of 45Fe. The solid lines represent 
al
ulations withina three-body model of Grigorenko et al. [19℄ assuming either a pure p2 orf2 
on�guration for the two valen
e protons. The average value from thetwo experiments, T1=2 = 3:8+2:0�0:8 ms, is in good agreement with this modelwhi
h yields T1=2 = 3 ms for Q2p = 1:14 MeV and the p2 
on�guration. For
omparison, two predi
tions of the two-body R-matrix formalism assuming
GSI GANIL

Fig. 4. Theoreti
al estimates of the partial half-life for the ground-state 2p de
ayof 45Fe. The experimental values are indi
ated by the hat
hed boxes.



2370 M. Pfützner et al.the emission of a diproton (2He parti
le) are shown (dashed lines), 
orre-sponding to a spe
tros
opi
 fa
tor of �2 = 1 and 
hannel radii r
 of 4 fmand 6 fm, respe
tively. The realisti
 value of �2 = 0:195 [20℄ would in
reasethese half-lives by a fa
tor of 5 yielding T1=2 = 0:15 ms for r
 = 4 fm andQ2p = 1:14 MeV. This suggests that the simple two-body approximationmay not be adequate for the des
ription of the 2p radioa
tivity.5. SummaryThe de
ay of 45Fe has been studied in two experiments performed at GSIDarmstadt and at GANIL Caen. Both yielded 
onsistent results suggestingthe emission of parti
le(s) of total energy of 1:14 � 0:05 MeV with a half-life of T1=2 = 3:8+2:0�0:8 ms. These �ndings, together with the nonobservationof 
oin
ident 
-rays or � parti
les, provide strong eviden
e for the two-proton ground-state radioa
tivity of 45Fe. This is the �rst 
ase of su
ha de
ay mode having been established for a narrow nu
lear ground state.Further experiments are ne
essary to 
on�rm the result, in parti
ular byseparate dete
tion of the two emitted protons. Measurements of the energyand the angular 
orrelation of the two protons are needed to determine theme
hanism of the 2p radioa
tivity and to answer the question whether adiproton state 
ontributes to the pro
ess.This work was partially supported by the 
ontra
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